Introduction
============

According to a recent report by a major healthcare insurer in Ireland, after heart bypass, the second most expensive treatment was knee replacement, and the third most common treatment was hip replacement.^[@cit1]^ Today, osteoarthritis (OA) is the most common cause of damage to knee and hip joints with a final common pathway of cartilage degeneration and bone damage ([Fig. 1](#fig1){ref-type="fig"}). The prevalence of OA increases indefinitely with age, because the condition is not reversible.^[@cit2]^ As a result, it incurs significant economic, social and psychological costs.^[@cit3]^

![A joint with severe osteoarthritis. In osteoarthritis, the cartilage becomes worn away. Spurs grow out from the edge of the bone, and synovial fluid increases. Altogether, the joint feels stiff and sore.](b716791a-f1){#fig1}

Surgical interventions to correct altered biomechanics of large joints such as partial or total knee and hip joint replacement are the most common and effective treatments for severely damaged joints by OA.^[@cit4],[@cit5]^ To date, despite many studies, no treatment is known to change the course of symptomatic OA.^[@cit6]--[@cit8]^ Hence, currently available pharmacological therapies treat only the symptoms and help to reduce pain and to maintain or improve function. They usually involve intra-articular injection of steroids and non-steroidal anti-inflammatory drugs.^[@cit9]--[@cit11]^

The accurate diagnosis of OA is the first important step in ensuring appropriate management of the disease. Misdiagnosis of OA can lead to unnecessary or inappropriate treatment, both of which can cause psychological stress to the patient. Currently, the diagnosis of OA is primarily based on overall clinical impression (history, physical examination and decision trees) and radiographic findings.^[@cit12]^

Many radiological features that would previously have been dismissed as degenerative changes are now known to be manifestations or modifications of OA as a result of the influence of crystal deposition. Although the three principal crystal arthropathies may be distinguished radiologically there is an appreciable overlap between them and there are no exclusive hallmarks to allow an absolute diagnosis.^[@cit13]^ Newer methods for aiding clinical diagnosis include magnetic resonance imaging and ultrasonography,^[@cit14]^ and optical tomography^[@cit15]^ which, like radiography, can reveal damage to the bone and/or cartilage but yield little or no data on the presence of associated crystals and the compositional changes in the synovial fluid.

Frequent discrepancies between symptoms and the results of radiographic examinations have been reported.^[@cit16]^ Not all deformities and pain in and around the joints are associated with OA, even if the patient is of an 'osteoarthritic age' and the joint shows 'osteoarthritic signs' on the X-ray, since there are many other types of arthritis with similar signs and symptoms.^[@cit17]^ On the other hand, even if the underlying disease is OA, the symptoms and signs may be due to disorders secondary to the basic disease and the patient\'s complaints can be remedied more easily by physiotherapy and local injections. Therefore, current diagnosis of OA is quite subjective, complicated by multiple factors^[@cit18]^ and would benefit from objective, validated diagnostic tools.

Despite the fact that less than 1% of the total expenditure on OA is presently spent on research,^[@cit3]^ there is a growing body of knowledge about OA that may result in new treatment possibilities. Researchers are working to understand what role certain enzymes play in the breakdown of joint cartilage in OA and are testing drugs that block the action of these enzymes. Biochemical markers such as cartilage oligomeric protein, the serum level of C-reactive protein,^[@cit19]^ chondroitin sulfate and keratan sulfate epitopes,^[@cit20]^ glycosaminoglycans and hyaluronan concentration^[@cit21],[@cit22]^ might identify people at risk or in the earlier stages of the disease and allow for earlier intervention.^[@cit23]^ Development of gene therapy for OA has also been explored for OA prevention and treatment.^[@cit24]^ Effective treatment of OA, if it becomes available in the future, would have a major positive impact both on the individual as well as on society as a whole.

Another very promising approach for OA treatment is to target BCP crystals with novel agents. It is not clear whether BCP crystals are a cause or an effect in the condition but it is known that their concentration increases with the severity of the OA^[@cit25]--[@cit27]^ and hence drugs that could dissolve BCP crystals or prevent their formation is of great interest. This review will focus primarily on the methods and strategies currently used for the detection and quantification of BCP crystals since they represent a means of more accurate diagnosis of OA and a potential therapeutic target for the disease.

Osteoarthritis and BCP crystals
===============================

The identification of specific crystal types in synovial fluid is believed to be the most accurate way of diagnosing all common forms of crystal-associated arthritis. There are four main types of crystals that may be associated with joint and soft-tissue problems, due to their deposition in and around joints: these are basic calcium phosphate (BCP), calcium pyrophosphate dihydrate (CPPD), monosodium urate (MSU) and calcium oxalate (CO)^[@cit28],[@cit29]^ (see also [Table 1](#tab1){ref-type="table"}).

###### Common crystal-associated arthropathies

  Crystals                                 Appearance                                              Size                                 Conditions
  ---------------------------------------- ------------------------------------------------------- ------------------------------------ --------------------------------------
  Basic calcium phosphate (BCP)            Clumps and globules.                                    1 nm^[@cit43]^ (individual)          Osteoarthritis.
  Amorphous-looking.                       5--20 µm (clumps)^[@cit44]^                             Milwaukee shoulder--knee syndrome.   
  Appear as 'shiny coins' when clumped.    Periarthritis/tendonitis                                                                     
  Non-birefringent                                                                                                                      
  Calcium pyrophosphate dihydrate (CPPD)   Rod- or rhomboidal-shaped.                              1--20 µm^[@cit44],[@cit45]^          Pseudogout.
  Weakly positively birefringent           CPPD deposition disease                                                                      
  Monosodium urate (MSU)                   Needle-shaped.                                          2--30 µm^[@cit44],[@cit46]^          Acute/chronic gout
  Frequently intracellular.                                                                                                             
  Strongly negatively birefringent                                                                                                      
  Calcium oxalate (CO)                     Tetragonal, bipyramidal, octahedral or envelope shape   15--20 µm^[@cit47]^                  Calcium oxalate-associated arthritis

The origin of BCP crystals is not fully understood but some studies have suggested that both CPPD and hydroxyapatite (HA) crystals may be generated in cartilage osteoarthritis matrix vesicles.^[@cit30]^ Calcium crystals have also been found in laser-irradiated cartilage.^[@cit31]^

Despite the fact that the presence of both CPPD and BCP crystals in a single joint is not uncommon, there are clear and important differences between CPPD and BCP crystals in terms of their associated clinical patterns and etiologies.^[@cit32]^ BCP crystals are uniquely associated with OA^[@cit33]^ and therefore their presence, if confirmed, can aid diagnosis of the disease. BCP crystals are reported to occur in up to 60% of patient synovial samples;^[@cit34]^ however, this figure may actually be much higher since BCP crystals often simply evade discovery in synovial fluid due to their sub-micron size and difficult detection.^[@cit35]^

Ample data support the role of BCP crystals in cartilage degeneration as their presence correlates strongly with the severity of radiographic OA^[@cit25],[@cit33],[@cit36],[@cit37]^ and larger joint effusions are seen in affected knee joints when compared with joint fluid from OA knees without crystals. What is also known is that BCP crystals play an important role in the pathogenesis of OA and even more likely in the progression of disease due to their mechanical abrasive effects.^[@cit27],[@cit28]^ The chronic synovial inflammation induced by calcium crystal deposits could result in chronic polyarthritis, an advanced inflammatory process.^[@cit38],[@cit39]^ Their pathogenic potential is further supported by their association with a distinctive form of gross destructive arthropathy of the shoulder called Milwaukee Shoulder Syndrome.^[@cit40]^ Morgan, McCarthy and Molloy studied the molecular mechanisms leading to crystal-induced joint degeneration as a means of developing a rational approach for targeting the consequences of crystal deposition.^[@cit41],[@cit42]^ It was established that crystal-induced tissue damage is affected by degradative proteases, cytokines, chemokines, and prostanoids produced by cells stimulated by crystals. Despite much ongoing work in the field, there are continuing controversies concerning the relationship between calcium-containing crystals and OA and whether the crystals cause damage or are present as a result of joint damage.

The detection of BCP crystals in OA is particularly difficult due to the aforementioned reasons of their sub-micron dimensions and the challenges of finding them within the complex synovial fluid matrix. A further complication resides in the ability to distinguish them from the other crystals that can co-exist in synovial fluid such as CPPD and MSU, commonly associated with pseudogout and gout respectively.^[@cit37],[@cit38],[@cit48],[@cit49]^

Fortunately, many analytical techniques that were previously confined to the research environment are now more readily available for clinical use. Many of these instruments are also now cheaper, portable and more sensitive than before. This offers analytical chemists new avenues of exploration in the quest to detect BCP crystals.

BCP crystals would be ideal targets for anti-OA therapy, since the acute symptoms of OA diseases are readily treated medically while the chronic effects of crystals are not. There are no effective drugs on the market to date which can inhibit the deposition or cause reabsorption of calcium-containing crystals.^[@cit50]^

Some promising pre-clinical results for OA treatment were recently submitted by Cheung *et al*.^[@cit51]^ They reported that blocking the deposition of calcium-containing crystals by a new synthesised formulation of phosphocitrate can reduce cartilage degeneration in an animal model of OA. Treatment with the calcium crystal inhibitor reduced meniscal calcification and arrested OA progression. Other drug candidates include chondroitin, glucosamine sulfate, colchicine, bisphosphonates, hormones, green tea and ginger, and experimental treatments such as growth factors, gene therapy, matrix metalloproteinase inhibitors, nitric oxide and cytokines.^[@cit52],[@cit53]^

With increasing activity in the research area and with the advent of new *in vivo* methodologies to study calcium deposition disease mechanisms, novel therapies that target the biological effects of these crystals at the molecular level may be on the way.

Properties of synovial fluid
============================

The synovial fluid of natural joints normally functions as a biological lubricant as well as a biochemical pool through which nutrients traverse. Normal synovial fluid is clear, colourless and noticeably thick and stringy, like egg white (hence the name synovium 'with egg').

The exact chemical composition of synovial fluid is complex and to some extent poorly understood. The role of the fluid is to provide low-friction and low-wear properties to the cartilage surfaces. It is an ultrafiltrate of plasma with a higher viscosity due to glycoproteins and hyaluronic acid. It is worth noting that physicians have used injections of hyaluronic acid extracted from rooster combs directly into the synovial fluid in the knee as a treatment for OA of the knee for the past 20 years.^[@cit57],[@cit58]^

The composition of synovial fluid relative to other human bodily fluids is shown in [Table 2](#tab2){ref-type="table"}.

###### Composition of synovial fluid relative to other human bodily fluids (modified from refs [@cit54] and [@cit55])

  Test                      Synovial fluid       Plasma             Sweat                                           Saliva                                          Semen
  ------------------------- -------------------- ------------------ ----------------------------------------------- ----------------------------------------------- -------------------------------------------
  pH                        7.4                  7.35--7.45         4--6.8                                          6.4[^*a*^](#tab2fna){ref-type="table-fn"}       7.19
  Specific gravity          1.008--1.015         1.0278^[@cit56]^   1.001--1.008                                    1.007                                           1.028
  Electrolytes/mEq l^--1^                                                                                                                                           
   Potassium                4.0                  3.5--5.0           4.3--14.2                                       21                                              31.3
   Sodium                   136.1                135--147           0--104                                          14[^*a*^](#tab2fna){ref-type="table-fn"}        117
   Calcium                  2.3--4.7             8--11              0.2--6.0                                        3                                               12.4
   Magnesium                                     1.5--2.5           0.03--4                                         0.6                                             11.5
   Bicarbonate              19.3--30.6           95--105                                                            6[^*a*^](#tab2fna){ref-type="table-fn"}         24
   Chloride                 107.1                22--28             34.3                                            17                                              42.8
  Proteins/mg dl^--1^                                                                                                                                               
   Total                    1.72 g dl^--1^       6--8 g dl^--1^     7.7                                             386[^*b*^](#tab2fnb){ref-type="table-fn"}       4.5 g dl^--1^
   Albumin                  55--70%              50--65%                                                                                                            
   Alpha-1-globulin         6--8%                3--5%                                                                                                              
   Alpha-2-globulin         5--7%                7--13%                                                                                                             
   Beta-globulin            8--10%               8--14%                                                                                                             
   Gamma-globulin           10--14%              12--22%                                                                                                            
  Hyaluronic acid           0.3--0.4 g dl^--1^                                                                                                                      
  Metabolites/mg dl^--1^                                                                                                                                            
   Amino acids                                                      47.6                                            40                                              1.26 g dl^--1^
   Glucose                  70--110              70--110            3.0                                             11                                              224[^*c*^](#tab2fnc){ref-type="table-fn"}
   Uric acid                2--8                 2--8               26--122[^*d*^](#tab2fnd){ref-type="table-fn"}   20                                              72
   Lipids, total                                                                                                    25--500[^*e*^](#tab2fne){ref-type="table-fn"}   188

^*a*^Increases under salivary stimulation.

^*b*^Primary alpha-amilase, with some lysozomes.

^*c*^Fructose caption.

^*d*^Not present in eccrine secretions.

^*e*^Cholesterol.

In conclusion, synovial fluid is a very complex biological matrix to work with analytically. It contains many different substituents that can interfere with the detection of BCP crystals and indeed other crystals.

Properties of BCP crystals
==========================

Because BCP crystals are non-acidic calcium phosphates, the term 'basic calcium phosphate' is often used to describe them. Owing to the fact that BCP is an umbrella term used to describe a few types of calcium phosphates, authors have tended to use different nomenclatures which can be confusing. As BCP is primarily composed of hydroxyapatite (HA), some authors focus their research on HA alone. Some other publications interchange the use of the terms BCP and HA, in some cases referring to the same compound and in other cases meaning the separate species.

BCP crystals are a group of ultramicroscopic crystalline substances primarily composed of hydroxyapatite Ca~10~(PO~4~)~6~(OH)~2~, with smaller proportions of its precursors -- octacalcium phosphate Ca~8~(HPO~4~)~2~(PO~4~)~4~·5H~2~O and tricalcium phosphate Ca~3~(PO~4~)~2~ ([Table 3](#tab3){ref-type="table"}).

###### Some properties of hydroxyapatite and its precursors (adapted from refs [@cit63]--[@cit66])

  Type of BCP                    Formula                             Molar ratio Ca : P   P content of crystals/mmol g^--1^   Solubility product constant, *K*~sp~   Calcium conc. at equilibrium/mol
  ------------------------------ ----------------------------------- -------------------- ----------------------------------- -------------------------------------- ----------------------------------
  Hydroxyapatite (HA)            Ca~10~(PO~4~)~6~(OH)~2~             1.67 : 1             5970                                2.34 × 10^--59^                        4.36 × 10^--7^
  = Ca~5~(PO~4~)~3~OH                                                                                                                                                
  = 3Ca~3~(PO~4~)~2~·Ca(OH)~2~                                                                                                                                       
  Tricalcium phosphate           Ca~3~(PO~4~)~2~                     1.50 : 1             6450                                2.83 × 10^--30^                        1.45 × 10^--6^
  Octacalcium phosphate          Ca~8~(HPO~4~)~2~(PO~4~)~4~·5H~2~O   1.33 : 1             6000                                2.00 × 10^--49^                        1.08 × 10^--6^
  = Ca~4~H(PO~4~)~3~·3H~2~O                                                                                                                                          

Octacalcium phosphate and tricalcium phosphate are commonly cited precursors to hydroxyapatite formation at physiological pH.^[@cit59],[@cit65]^ McCarty *et al.* reported that natural pathologic calcifications contain several crystalline phases and that HA nucleation may be controlled by hydrolytic alteration of precursor calcium phosphate phases such as octacalcium or tricalcium phosphates.^[@cit64]^ The precursors are considered to be transient mineral species and thus it is possible to assume that the physical properties of BCP in synovial fluid are dominated by those of HA.

Recent data suggest that magnesium whitlockite, another form of BCP in which magnesium is partly substituted for calcium, may also play a pathological role in arthritis.^[@cit60]^

In terms of the stability of BCP compounds, HA appears to be the most thermodynamically stable under normal temperature and pressure and physiological conditions of pH 7.2--7.4.^[@cit59]^ The relative ratio of tricalcium and octacalcium phosphate to HA in synovial fluid is insignificant since they degrade much more quickly than HA.^[@cit61]^ Hydroxyapatite crystals are naturally resistant to most chemical agents, except acidic solutions with a pH less than four and certain complexing agents.

Generally, calcium phosphate compounds have low solubility in aqueous environments. While the exact stoichiometry will have an effect, the order of solubility at physiological pH is tricalcium phosphate \> octacalcium phosphate \> hydroxyapatite.^[@cit62]^

This poor solubility of calcium phosphate salts in biological fluids is one of the most important properties for determining the direction of many of their reactions such as dissolution, precipitation, hydrolysis, and phase transformation. HA solubility also plays a major role in biological processes that involve the formation and resorption of hard tissues as well as pathological calcifications.^[@cit67]^ Owing to this extremely low solubility, normal synovial fluid can easily become supersaturated with BCP.

The kinetics of the crystal growth of hydroxyapatite over a range of pH (7.4--7.8) and at temperatures between 25 and 37.5 °C has been studied by Meyer and Nancollas.^[@cit68]^ The rate of crystal growth was greatly enhanced by small increases in pH and temperature. However, the stoichiometry of the precipitating material, *i.e.* the type of BCP formed, was not found to be sensitive to pH and temperature under the conditions studied. The stability of HA crystals within the synovial fluid environment is of great importance since it is believed that they are far from being inert. Consequently, precautions have to be taken in the handling of specimens from joint fluid and of those made in the laboratory to avoid false positive/negative results during the analysis. Crystals are exposed to many physical forces during laboratory procedures.^[@cit69]^

The two factors that are important in determining the activity of a crystal are the available surface area and surface contamination. Following general mechanisms of formation of crystalline materials, crystals found in synovial fluid apparently form *via* a phase change from liquid to solid where the solute concentrations balance within the solid--solution equilibrium (metastable region), *i.e.* above saturation point but below that at which crystal formation is inevitable.^[@cit69]^ Very small particle size and therefore a high surface area to weight ratio contribute to crystal activity. Minor changes in physiological conditions might result in rapid phase transmission, *i.e.* crystal formation or dissolution.

Murugan and Ramakrishna have demonstrated that the bioresorbability rate of HA is highly dependent on particle size.^[@cit70]^ The ionic dissolution of HA crystals with nanoscale morphological structure (with a mean particle size of 220 nm in diameter) which is close to that of biological HA was found to be higher than synthetic HA. Accordingly, it was suggested that the nano-hydroxyapatite has superior bioresorption and a chemical and crystallographic structure close to that of natural bone.

The unusual behaviour of bone-derived HA crystals may be explained by the crystalline structure of physiological HA. The analysis of bone mineral shows a Ca : P ratio ranging from 1.3 : 1 to 1.9 : 1 in comparison to the theoretical Ca : P stoichiometric ratio of 1.67 : 1.^[@cit71]^ This deviation is mainly attributed to the carbonated groups present distorting the crystal structure of most biological HA. The surface properties of HA crystals are determined by surface charges. This may cause attachment of various proteins and other substances present in synovial fluid. The unique crystal/protein interaction seen with biological HA is absent with synthetic HA.^[@cit72]^ Furthermore, recent investigations of physiological hydroxyapatite crystals have suggested that charge densities are not uniform but organised in the form of 'bands' (\>10 nm) instead.^[@cit71]^ Such features may lead to differences in quantitative and/or selective molecular binding.

Analytical methods for BCP
==========================

There are a number of analytical techniques that have been applied to the detection of BCP crystals in synovial fluid, either directly or indirectly. These are briefly summarised in [Table 4](#tab4){ref-type="table"} and will be discussed in the following sections in more detail.

###### Analytical methods that have been used for BCP detection

  Technique                                                                      Advantages                                                                                                                                                                                  Disadvantages
  ------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------
  Imaging methods                                                                                                                                                                                                                                                            
   Light and polarised microscopy                                                Inexpensive, widely available and useful for the larger crystals (\>1 µm) that can occur                                                                                                    Inaccurate, non-specific and cannot detect BCP crystals. Polarised microscopy can aid detection of MSU and CPPD
   Microscopy with staining                                                      Inexpensive, widely available and can identify BCP crystal clumps                                                                                                                           Sensitive but non-specific, false positive results are frequent.
  One dye is not enough to distinguish between the different types of crystals                                                                                                                                                                                               
   Multi-dimensional microscopy                                                  Coupling of multi-channel micro-spectrophotometer and 3-D relief imaging system to a microscope laser light scattering spectroscope                                                         Not widely available. No evidence of clear identification of synovial fluid crystals
   Transmission electron microscopy                                              Small sample size and can be used with electron diffraction                                                                                                                                 Expensive, complex, not widely available, operator-dependent
   Scanning electron microscopy                                                  Small sample size and can be coupled to X-ray elemental analysis                                                                                                                            Expensive, complex, relies on morphology
   Atomic force microscopy                                                       Small sample size, minimal sample preparation. Can exploit hardness and lattice features in sample for detection and identification. Chemical force microscopy may offer more specificity   Operator-dependent, intricate to use on liquid samples, relies on morphology to an extent
                                                                                                                                                                                                                                                                             
  Spectroscopic methods                                                                                                                                                                                                                                                      
   FTIR                                                                          Accurate, used for automated pattern recognition methods                                                                                                                                    Can be misinterpreted and water interferes in certain parts of the spectrum
   Raman                                                                         Accurate, water does not interfere, unique spectral signatures for each crystal type                                                                                                        Expensive, fewer library spectra available. Sample purification required to distinguish between various crystal types
   Fluorescence                                                                  With correct dyes, can be very sensitive and selective                                                                                                                                      Requires special equipment; dyes can be expensive, not suitable for *in vivo* use
   NMR/MRI                                                                       Can visualise most types of pathologies including crystal depositions                                                                                                                       Very expensive, cannot identify nature of crystal deposition. Operator-dependent
                                                                                                                                                                                                                                                                             
  Other methods                                                                                                                                                                                                                                                              
   Calcium and phosphorus analysis                                               Well-understood assays such as atomic spectrometry, UV-Vis spectrophotometry, *etc.*, can be selective and sensitive                                                                        Practical only in analysis of dissociated crystals, other matter present in the fluid can interfere
   X-Ray diffraction                                                             Accurate technique for unambiguous identification                                                                                                                                           Requires sample to be pure, dried and in sufficient quantity
   Capillary electrophoresis                                                     Can be used for pattern recognition analysis of synovial fluids containing crystals                                                                                                         Not applicable for direct separation of crystals
   Radioassay                                                                    Allows semi-quantitative determination of BCP crystals                                                                                                                                      Involves radioactive reagents
   Ferrography                                                                   Provides separation of particles by size/magnetic properties                                                                                                                                Requires special sample preparation, only reflects general content of particles in synovial fluid

Imaging methods
---------------

### Light and polarised microscopy

Imaging methods have long been used to examine synovial fluid samples for the presence of microcrystals.^[@cit73]^ The ordinary light microscope with its limit of resolution of *ca.* 1 µm is capable of detecting MSU, CPPD and CO crystals but is not capable of resolving BCP crystals unless they have aggregated into large clumps.

Compensated polarised light microscopy (CPLM) is a version of light microscopy that allows the identification of crystals by determination of the sign of their birefringence based on a colour change with rotation. It is used routinely to assist in the diagnosis of arthritis induced by MSU and CPPD crystals^[@cit74]--[@cit76]^ since both of these crystal types exhibit some birefringence and also have easily differentiated shapes -- needles and rods respectively ([Fig. 2](#fig2){ref-type="fig"} and [Fig. 3](#fig3){ref-type="fig"}).

![A group of negatively birefringent monosodium urate (MSU) crystals aspirated from a tophus (magnification × 1400, original magnification × 400). Reproduced with permission from ref. [@cit91]. (Copyright 1992, Ciba-Geigy Corp.)](b716791a-f2){#fig2}

![Calcium pyrophosphate dihydrate (CPPD) crystals extracted from the synovial fluid of a patient with pseudogout viewed under polarised light microscopy. Note the fact that some of the particles do not appear to exhibit birefringence. Reproduced with permission from ref. [@cit75]. (Copyright 1999, BMJ Publishing Group Ltd.)](b716791a-f3){#fig3}

However, the method may not be sensitive or specific enough to serve as the standard upon which to base diagnosis^[@cit77],[@cit78]^ since it can be very operator-dependent.^[@cit75],[@cit79]--[@cit81]^ All MSU crystals are strongly birefringent and, hence, can be clearly distinguished by means of CPLM, whereas CPPD crystals are only weakly birefringent which leads to only one in five CPPD crystals having sufficient birefringence for detection.^[@cit82]^ Also, since the resolution of CPLM is still limited to *ca.* 1 µm, the technique often fails to detect smaller crystals of MSU and CPPD and will definitely miss HA crystals unless they are aggregated. In contrast to MSU and CPPD, BCP crystals usually appear as an amorphous substance, which is not birefringent and cannot be seen under polarised light microscopy^[@cit83]^ and they can easily be mistaken for artefacts or debris.^[@cit84]^ Deposited corticosteroids that can have a variety of sizes and shapes as well as calcium oxalate crystals ([Fig. 4](#fig4){ref-type="fig"}) can contaminate specimens.

![Typical calcium oxalate (CO) crystals obtained from a synovial fluid effusion in a patient on long-term dialysis (magnification × 1800, original magnification × 400). Reproduced with permission from ref. [@cit94]. (Copyright 1992, Ciba-Geigy Corp.)](b716791a-f4){#fig4}

Crystals are not seen all of the time in cases of CPPD and MSU crystal disease, even by the most skilled observer.^[@cit85],[@cit86]^ If examination of synovial fluid from a patient with acute crystal-related arthritis does not reveal either birefringent rods or needles, BCP crystals that are too small or too little in number to be identified by conventional techniques could be to blame.^[@cit75],[@cit87]^

### Microscopy with staining

Staining of joint fluids with dyes has been employed as an effective method to improve the detection of HA crystal clumps and small CPPD crystals, particularly those missed by CPLM. The Alizarin red S stain for permanent cytologic preparations has been recommended by many authors as a valuable complementary test to CPLM examination for the detection of CPPD crystals and HA crystal aggregates.^[@cit88]--[@cit90]^ Calcium forms a red chelation complex with Alizarin ([Fig. 5](#fig5){ref-type="fig"}).

![A synovial fluid wet smear stained with Alizarin red S. The darker red deposits have the appearance of hydroxyapatitc accumulations. The specimen is from a patient with end-stage renal disease (magnification × 720, original magnification × 200). Reproduced with permission from ref. [@cit94]. (Copyright 1992, Ciba-Geigy Corp.)](b716791a-f5){#fig5}

Alizarin has greater sensitivity for the detection of CPPD crystals because they are stained regardless of how weakly or strongly birefringent they may be.^[@cit92]^ In some reports such as that by Paul *et al.*, staining was found to give a positive result in 100% of synovial fluids from patients later proven to have HA and/or CPPD deposition diseases.^[@cit88]^ Gordon *et al.* found many discrepancies between the observers of the slides stained with Alizarin red S, and the effectiveness of such a screening test for BCP crystals was questioned.^[@cit74]^ Much higher sensitivity for the Alizarin red S test was later observed by Shoji.^[@cit93]^ He reported detectable threshold levels of HA and CPPD crystals in synovial fluid by Alizarin red S staining to be 0.1 and 0.5 µg ml^--1^, respectively. The staining gave a positive result in 100% of synovial fluids from patients with CPPD deposition disease, in 54% of the fluids from patients with OA, and in 39% of fluids from patients with rheumatoid arthritis. Shoji also claimed that Alizarin red S staining was more sensitive than polarised microscopy and X-ray diffraction.

The sensitivity of the Alizarin red S staining test depends on both the concentration of the dye and the pH of the solution. As was reported by Shoji, the best results were obtained with an Alizarin red S concentration of 1.5--3.0% for HA and 2.0--3.0% for CPPD crystal detection.^[@cit93]^ The optimal pH of the solution was 4.0--6.0 for HA and 4.0--5.5 for CPPD crystals. Analysis of the centrifuged synovial fluid sediment may facilitate identification of crystals and increases the specificity of Alizarin red in their identification.^[@cit90]^

HA and CPPD crystals are commonly found together in the same fluids and the Alizarin red S stain does not distinguish between different types of calcium compounds. Therefore, these can be distinguished only when typical crystal morphologic features are present.^[@cit95]^

Another dye that has been used for crystal identification in synovial fluids is Diff-Quik -- a commercial stain commonly used in histological staining to differentiate a variety of smears such as those from blood and vaginal samples. Selvi *et al.* used Diff-Quik^®^ staining for identifying MSU and CPPD crystals on permanent mounted slides.^[@cit96]^ Synovial fluid samples containing MSU crystals were all correctly diagnosed, but there were seven cases of false positives and negatives for CPPD crystals. This method was shown to be valuable for crystal identification in samples that were up to 12 months old. No data were reported on the use of Diff-Quik^®^ for identification of HA crystals.

The Gram stain method can be applied to almost any specimen and is one of the most commonly used techniques for the rapid diagnosis of bacterial infections. Petrocelli *et al.* demonstrated the usefulness of the Gram stain for MSU and CPPD crystal identification.^[@cit97]^ This staining technique was used on specimens which more than two years later still showed pathological crystals.

Von Kossa staining is another well-known method used in histology for the determination of calcium phosphate deposition in tissue sections^[@cit98],[@cit99]^ and to characterise biological mineralisation of bone^[@cit100]^ or renal calcium deposits.^[@cit101]^ With the Von Kossa stain, calcium deposits appear deep grey or black. This stain has been successfully exploited in analytical systems such as BD BioCoat™ Osteologic™ Discs. Studies of Bonewald *et al.*, on the other hand, have demonstrated that Von Kossa staining alone is not appropriate for the identification and quantitation of bone-like mineral and, hence, other techniques such as X-ray diffraction, electron microscopy or FTIR should be utilised to verify the presence and quality of calcium phosphate phases.^[@cit102]^

### Multi-dimensional microscopy

A novel multi-dimensional microscope was recently reported to be capable of performing non-invasive real-time, *in situ* measurements on nanomaterials.^[@cit103]^ This microscope can perform simultaneous measurements on both the 'visible' and 'invisible' particles in a solution sample, ranging in size from several nanometers to millimeters. In 2007, Zha *et al.* employed such a multi-dimensional microscope to determine the shape, size and distribution of solid particles in synovial fluids.^[@cit104]^ Using compactness and integrated density as functions of the type and severity of knee OA and knee traumatic synovitis, no significant differences between the two diseases were observed. However, significant differences were observed between the knee OA, knee traumatic synovitis and the control subjects when the shape, size and size distribution of solid particles were observed in the synovial fluids and these closely correlated with the type and severity of the knee joint disease ([Fig. 6](#fig6){ref-type="fig"}).

![Micrographs of solid particles in the synovial fluids of normal (a), osteoarthritis (b), and traumatic synovitis (c) subjects. Reproduced with permission from ref. [@cit104]. (Copyright 2007, Elsevier Ltd.)](b716791a-f6){#fig6}

### Electron microscopy

Scanning electron microscopy (SEM) generates images by scanning a focused electron beam across the surface of a sample. The electron beam interacts with the sample to produce various signals, including secondary electron emission, back-scattered electron cathodoluminescence and X-rays.

Sample preparation is relatively easy since most SEMs only require the sample to be conductive. The combination of higher magnification, larger depth of focus, greater resolution, and ease of sample observation makes SEM one of the most useful instruments in research today.

SEM has been used in the examination of all forms of tissue disorders in OA^[@cit105]^ and the classification of cartilage wear and damage.^[@cit106]^ In conjunction with other methods, SEM has been frequently used to characterise the morphology and distribution of crystal deposits in cartilage and synovial fluid.^[@cit107]--[@cit109]^ An electron microscope study carried out by Bardin *et al.* in 1987 showed that staining with Alizarin red permitted reliable detection of calcium microcrystals in articular fluid but only if the strongly positive results were taken into account.^[@cit110]^ However, it was only positive in synovial fluids that contained high concentrations of crystals. As fluids with CPPD crystals may also give positive Alizarin red staining, it is not a definitive method for BCP crystals. Doyle and Crocker developed a series of methods that, in the case of synovial fluids, allows the rapid preparation of fresh specimens for electron microscopic examination, a procedure that previously took up to 48 h.^[@cit111]^

Despite of all the advantages of SEM, there are still difficulties with visualising synovial samples directly due to the presence of large amounts of biological residues that can burn and coagulate under the high voltages required for imaging. To remove this problematic organic material, negative pressure filtration of synovial fluids was used by Doyle and Crocker^[@cit111]^ to collect crystals. Low temperature microincineration of the synovial fluid samples assisted in removing organic material to leave the crystals exposed for SEM examination. However, while SEM has proved to be useful for the identification of microcrystalline material in synovial fluid, it can be impractical for routine diagnostic use because it needs specialised training and the equipment is expensive. Also, not all SEM instruments have the required resolution for seeing individual HA crystals.

Electron probe microanalysis (EPMA) allows the determination of the relative amounts of the crystal elements and hence the Ca : P molar ratio which is of important diagnostic value.^[@cit82]^ In one study, Li-Yu *et al.* utilised EPMA for the identification of crystals/particles seen in synovial fluid rice bodies.^[@cit112]^ For one patient, they reported that the Ca : P molar ratio of 1 : 1 indicated the presence of CPPD crystals while a ratio of 1.4 : 1 indicated the presence of carbonate-substituted HA.

Ali used electron microscopy coupled with electron probe analysis and revealed the presence of various calcium phosphate crystals in joint tissues and fluids which were too small to be detected by X-rays of human joints or by light microscopy of joint tissues.^[@cit113]^ 'Cuboid' crystals were found near the surface zone of articular cartilage and appeared to be a variant of magnesium-containing hydroxyapatite (whitlockite) and needle-shaped HA crystals were also found on the cartilage surface.

EPMA has been found to be useful in the analysis of initial hydroxyapatite formation in calcifying cartilage,^[@cit114]^ evaluation of the crystallographic structure of HA/collagen composites^[@cit115]^ and crystal deposition identification.^[@cit116]^

Transmission electron microscopy (TEM) is another useful technique for studying crystal-related arthropathies. It can visualise crystals too small to be seen by light microscopy and allows further study of crystal--cell interaction. However, it can also display various artefacts, for example silicon-containing particles from glassware can be similar in appearance to some CPPD or hydroxyapatite crystals.^[@cit117]^ It also has been revealed by TEM that CPPD and HA crystals are frequently associated with granular materials, presumably protein coating.^[@cit118]^ Bonavita *et al.* reported that the diagnosis of HA deposition could be made based on the results of TEM examination when needle-shaped crystals 75--250 Å in diameter are seen and electron probe elemental analysis gives a Ca : P ratio of 1.6 : 1.^[@cit119]^

TEM and high-resolution transmission electron microscopy (HRTEM) were used by Suvorova and Buffat in order to investigate the composition of individual HA crystals, their sizes, morphology and structure.^[@cit120]^ The authors found HRTEM and microdiffraction to offer distinct advantages over SEM and X-ray diffraction for the investigation of small particles and mixtures of calcium phosphates.

In 2006, Nero *et al.* used light microscopy with Alizarin red staining, TEM and energy dispersive spectroscopy in order to identify and characterise crystals.^[@cit121]^ With TEM, the authors were able to identify BCP crystals in synovial fluid samples which were previously unseen by light microscopy. They concluded that microcrystals were a universal finding in the synovial fluids of patients with OA.

### Scanning probe microscopy

Scanning probe microscopy covers several related technologies for imaging and measuring surfaces on a fine scale, down to the level of atoms.

Atomic force microscopy (AFM) may provide a simple yet powerful technique for the detection of microcrystals in synovial fluid taken from patients with crystal-induced arthritis. In 1995, Blair *et al.* identified MSU, CPPD, HA, octacalcium phosphate and cholesterol crystals with AFM^[@cit122]^ ([Fig. 7](#fig7){ref-type="fig"}). The surface topology, lattice parameters and irregularities at the crystal surfaces imaged by AFM were found to be consistent with those obtained by TEM and X-ray diffraction studies. In addition, AFM images revealed that some specimens contained microcrystals that were undetected by polarised light microscopy and/or TEM. Chemical force microscopy (CFM), where the tip of the AFM microscope is coated with a material that is selective for the target molecule, may offer new opportunities for more specific methods for the detection of crystals in synovial fluid.^[@cit123]^

![AFM images of HA and CPPD crystals from a patient with HA-induced arthritis. (A) HA crystals clump to form pseudospherical microaggregates (100--150 nm in diameter). (B) CPPD crystals shown here were an unexpected finding in this specimen. Reproduced with permission from ref. [@cit122]. (Copyright 1995, Elsevier Ltd.)](b716791a-f7){#fig7}

Spectroscopic methods
---------------------

Exploitation of optical properties such as absorbance, reflectance and transmittance of synovial fluid has found many applications in OA research.

### FTIR

Infrared spectroscopy (IR) or Fourier-transform infrared spectroscopy (FTIR) is a widely used analytical technique. It provides the basis for accurate and cost-effective quantification of numerous components in biofluids such as whole blood, plasma or serum, synovial fluid, aqueous humour, saliva and urine. The methodology is usually reagentless, fast and readily automated. Infrared spectroscopic analysis is not hindered by the physical state of the sample and measurements can be made in a variety of instrument configurations.^[@cit125]^ IR spectrometers can be made to be compact, rugged, relatively inexpensive and user-independent, making the technology capable of point-of-care operation.^[@cit126]^

The FTIR spectrum of HA has been reported^[@cit127]^ ([Fig. 8](#fig8){ref-type="fig"}) but routine analysis using this method is impractical unless the crystals are first isolated from the biological matrix. Starting from the hypothesis that the transition from a healthy to an arthritic joint should be accompanied by a change in the composition of the synovial fluid, clinical diagnostic methods have been applied under the premise that the IR 'molecular fingerprint', combined with suitable pattern recognition methods can distinguish 'normal' synovial fluid specimens ([Fig. 9](#fig9){ref-type="fig"}) from those with specific disease types. Eysel *et al.* have used FTIR to investigate synovial fluid and serum samples from patients suffering from OA, spondyloarthropathy or rheumatoid arthritis.^[@cit128]^ Significant differences in the composition of the synovial fluid were found ([Fig. 10](#fig10){ref-type="fig"}). Based on linear discriminant analysis, the authors were able to distinguish between the diseases (and controls) with 96.5% accuracy.

![Infrared spectrum of hydroxyapatite. Reproduced with permission from ref. [@cit127]. (Copyright 2007, Elsevier Ltd.)](b716791a-f8){#fig8}

![Caption typical infrared spectra of synovial joint fluid. Reproduced with permission from ref. [@cit124]. (Copyright 2004, IEEE.)](b716791a-f9){#fig9}

![Infrared difference spectra generated by the subtraction of the class-average spectrum of non-arthritic synovial fluid films from the class-average spectra of synovial fluid films for (1) osteoarthritis (2) rheumatoid arthritis and (3) spondyloarthropathy. Reproduced with permission from ref. [@cit128]. (Copyright 1997, John Wiley & Sons, Inc.)](b716791a-f10){#fig10}

Similar results were obtained by Ziegler *et al.* in 2002.^[@cit129]^ During an IR investigation of the 22 synovial fluid samples aspirated from the temporomandibular joints (12 OA and 10 rheumatoid arthritis), a distinct intensity difference between the absorption spectra from arthritic and non-inflamed temporomandibular joints was noted ([Fig. 11](#fig11){ref-type="fig"}).

![IR spectra of osteoarthritis and rheumatoid arthritis synovial fluid samples. Both are transmission spectra in the range of 2500 to 2000 cm^--1^. A reference spectrum of water was subtracted from each sample. Bands at 2362 and 2340 cm^--1^ result from CO~2~ vibrations. Reproduced with permission from ref. [@cit129]. (Copyright 2002, Elsevier Ltd.)](b716791a-f11){#fig11}

Shaw and co-workers have used IR for synovial fluid analysis and diagnosis of arthritic disease.^[@cit130]--[@cit132]^ In one paper, they carried out an investigation based upon the obtained IR spectra of synovial fluid films dried onto glass substrates.^[@cit130]^ In general the spectrum was dominated by features that correspond to protein absorptions (N--H stretching and bending and C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O stretching vibrations), lipid CH~2~ and CH~3~ modes, and carbohydrate C--O stretching. The authors have also successfully exploited the near-IR region of the spectrum -- absorption patterns from 2000--2400 cm^--1^ were used -- to diagnose the various forms of arthritis.^[@cit131]^

They concluded that the applications of IR methods may provide analytical information indirectly since the main strength of the technique lies not in its ability to identify novel disease markers, but rather in its ability to carry out multivariate pattern recognition. Inaccuracies of the FTIR approach are linked to the fact that some rheumatoid arthritis patients can also be affected by OA, and the synovial fluid sample might therefore be legitimately classified in either category. However, it was subsequently suggested that the natural variability (uncorrelated to any disease state) between patients limits the interpretation of the differences that do exist.^[@cit133]^

To avoid the variability above between patients, a newer approach for OA diagnosis focused on BCP crystals which have a unique IR molecular fingerprint. The hydroxyapatite bands of interest in the infrared region are due to hydroxyl (OH^--^), carbonate (CO~3~ ^2--^) and phosphate (PO~4~ ^3--^) moieties. The absorption spectra of HA and CPPD crystals are different.^[@cit134]^ This can aid correct diagnosis of crystal-related disease affecting the joint from which the aspirate is drawn.

These results suggest that the FTIR analysis of certain regions of the spectrum may be sufficient to allow the categorising of certain patient types based on spectral pattern recognition. However, the application of such an approach requires thorough statistical validation in each case due to considerable normal variation between individuals within the populations (pathologies) and frequent occurrence of mixed pathologies.

### Raman

Raman spectroscopy has emerged in the past years as an extremely powerful technique for probing the molecular composition of a wide range of materials.^[@cit135]^ Raman allows one to derive detailed and specific information on a molecular level that other laser spectroscopic methods can provide only to a limited extent. Modern Raman is usually reagentless, the instruments are relatively small and the technique is non-invasive.

The use of Raman spectroscopy in biological investigations presents several advantages, especially when compared to IR methods.^[@cit136]^ Raman microspectroscopy is able to probe samples at the micrometer scale, and water causes very little interference. Both phases can therefore be simultaneously investigated in a fresh tissue or aqueous solution (like synovial fluid) in a non-destructive way.^[@cit137],[@cit138]^ In addition, conventional silica optical fibres transmit both the laser and Raman-shifted light well, making portable Raman a reality. The main disadvantage of Raman is the background fluorescence that can occur with biological samples, especially from proteins. However, this problem can be circumvented by judicious choice of laser source.

A recent paper by Matousek and Stone obtained non-invasive Raman spectra of calcified materials buried within a chicken breast tissue slab 16 mm thick using NIR excitation.^[@cit139]^ McGill, Dieppe and co-workers applied Raman microscopy to the identification of crystals in pathological samples from patients with crystal deposition disease.^[@cit140]^ Reference Raman spectra were obtained for synthetic MSU (at 631 cm^--1^) and CPPD crystals (at 1050 cm^--1^) and these were compared to patient samples which were chosen such that there would be no doubt about the presence or nature of the deposits. The authors concluded that the method has considerable potential and that issues of low intensity and poor signal/noise ratios could be overcome. Using modern Raman instrumentation and NIR excitation, studies by our group have confirmed that HA, CPPD and MSU crystals do exhibit different Raman spectra and that the crystals could therefore be easily distinguished from each other based on spectral analysis ([Fig. 12](#fig12){ref-type="fig"}). The assumption that BCP is primarily composed of HA is futher evidenced by the fact that their Raman spectra are so closely related in this same figure.

![Raman reference spectra of synthetic BCP, HA, CPPD and MSU crystals.](b716791a-f12){#fig12}

With further developments, both Raman and FTIR spectroscopy could overcome the problems of other analytical techniques and provide a powerful new tool for the investigation of crystal deposition disease and physiological mineralisation.^[@cit141]^ Currently, Raman is best utilised as a tool to distinguish between crystals that can be found in synovial fluids.

### Luminescence

Fluorescence imaging is used extensively in chemical and biomedical analysis schemes. Many of these assays are based on the introduction of a fluorescent species as a marker, stain, dye or indicator. However, the intrinsic fluorescence of biomolecules poses a problem when visible light (350--700 nm)-absorbing fluorophores are used because of high tissue absorption and scatter. As in Raman, near-infrared (NIR) fluorescence (700--900 nm) detection avoids the background fluorescence interference of natural biomolecules, providing a high contrast between target and background tissues.

NIR fluorophores have wider dynamic range and minimal background as a result of reduced scattering compared with visible fluorescence detection. They also have high extinction coefficients and quantum yields and hence can be detected with high sensitivity. The NIR region is also compatible with solid-state optical components, such as diode lasers and silicon detectors, facilitating miniaturisation of such systems. NIR fluorescence imaging is becoming a non-invasive alternative to radionuclide imaging *in vitro* and in small animals. Bisphosphonates are well-known analogues of endogenous pyrophosphate that have a strong affinity for bone mineral and thus bind tightly to HA crystals.^[@cit142]^

Apart from their medical use in osteoporosis, bisphosphonates have also found analytical applications. In 2001, Zaheer *et al.* synthesised a NIR fluorescent bisphosphonate derivative (named Pamidronate-IRDye78 or Pam78, [Fig. 13](#fig13){ref-type="fig"}) that produced rapid and specific binding to HA *in vitro* and *in vivo* and exhibited peak absorption at 771 nm and peak excitation emission at 806 nm.^[@cit143]^ Pam78 was later used for the non-isotopic detection of osteoblastic activity *in vivo*.^[@cit144]^

![Pamidronate-IRDye78.](b716791a-f13){#fig13}

A simple and rapid animal model of focal calcification in breast cancer tumours involving Pam78 has been developed and validated by Lenkinski *et al*.^[@cit145]^ Tumours implanted with HA crystals displayed bright, focal, NIR fluorescence in the area of crystal implantation. Control tumours, grown in the same animal and implanted with calcium oxalate, did not display any near-infrared fluorescence, even along the needle track used for crystal implantation.

Based on Zaheer\'s research, Kossodo *et al.* developed a commercial NIR bisphosphonate imaging agent for the technique of fluorescent molecular tomography called OsteoSense™ 680 that binds to HA with high affinity *in vitro* and *in vivo*.^[@cit146]^ OsteoSense™ 680 was applied to the non-invasive, 3-D molecular imaging of areas of microcalcifications and bone growth and resorption.^[@cit147]^

More recently, De Grand *et al.* applied ICG-labelled polystyrene divinylbenzene beads and Pam78-labelled HA crystals to the evaluation of microcalcifications in a breast cancer model.^[@cit148]^ Absorbance, scatter and background fluorescence were imaged using a reflectance optical imaging system. Hale *et al.* described a method for rapid quantitative assessment of *in vitro* mineralisation in osteoblast-like cell cultures by direct fluorescence analysis of calcein bound to HA.^[@cit149]^ The application claimed to be sensitive, showing significant differences in bound calcein fluorescence over very small changes in HA concentration.

### NMR/MRI

Nuclear magnetic resonance (NMR) is an analytical technique that can now be applied to the human body or parts thereof as magnetic resonance imaging (MRI). MRI is a multiplanar image method based on the interaction between radiofrequency electromagnetic fields and certain atomic nuclei in the body (usually hydrogen), after the body has been placed in a strong magnetic field. It is particularly useful in detecting soft-tissue damage and evaluation of inflammatory disease and traumatic conditions.^[@cit150]^ MRI is a superb technique for viewing soft-tissue structures without radiation risks^[@cit151]^ but it poorly resolves bone mineral,^[@cit152]^ has low sensitivity for detecting calcifications and can display only massive deposition rather than individual crystal deposition. The cost of the equipment and its upkeep and the time required to perform the procedure make it the most expensive imaging technique currently used.^[@cit151]^

MRI has been seen recently as having potential for evaluation of joints in OA due to its ability to evaluate morphology and integrity of the articular cartilage. It also provides a direct image of the soft tissues around the joint,^[@cit153]^ osynovial-based processes such as rheumatoid arthritis and crystal deposition disorders in a variety of joints.^[@cit154]--[@cit156]^ Stray-field techniques are reported for ^31^P studies of solids for a variety of compounds including bone and calcium hydroxyapatite.^[@cit157],[@cit158]^

Because MRI can depict many of the same findings of osteoarthritis as those depicted on radiographs, radiography remains the imaging method of choice in the diagnosis of OA due to its cost-effectiveness and ready availability.

Other methods
-------------

### Calcium and phosphate analysis

BCP is a mix of crystalline substances that are comprised of calcium, phosphate and sometimes hydroxyl and/or carbonate ions. The analytical determination of the concentrations of these ions could provide quantitative or semi-quantitative data for BCP crystals in synovial fluid.

Colorimetric/spectrophotometric methods are widely used for determining the concentration of various elements in biological fluids. The methods usually involve adding a reagent to the fluid, which forms a coloured complex with the specific element to be detected. The complex then absorbs light at a characteristic wavelength and the intensity of that absorption can be related to concentration of the element.

There are numerous colorimetric indicators of calcium such as eriochrome blue,^[@cit159]^ *o*-cresolphthalein complexone,^[@cit160]^ Arsenazo III.^[@cit161],[@cit162]^ and Phosphonazo III.

The two most common assays for orthophosphate are the molybdate 'yellow' and molybdate 'blue' methods.^[@cit163],[@cit164]^

One problem with using this approach for BCP crystals is the effect of interferences on the absorption spectrum of the complex. For instance, magnesium often interferes in assays for calcium, though this can sometimes be minimised by controlling the pH of the reaction. High turbidity of synovial fluid samples due to high content of biological ingredients (*e.g.* hyaluronan) also complicates the direct determination of calcium without additional crystal purification/extraction steps. The second problem is that these reagents do not work well with crystal-bound calcium. In our trials on BCP crystal quantification using the Phosphonazo III reagent, a very low and non-linear response in colour change/amount of HA was observed. Therefore full conversion of BCP crystals into ions would be necessary for any type of colorimetric/spectrophotometric tests. And the third problem is that there are free ions already present in the matrix, which could contribute to the resultant absorbance. In the case of calcium, it can exist in three forms in biological fluids: ionised, protein-bound and complexed (with anions). It has been reported that the use of total calcium is unreliable in cases where there is a possible change in the protein--calcium binding characteristics or a decrease/increase in pH.^[@cit165]^

For the same reasons as above, methods such as the application of calcium-selective electrodes and elemental analysis by atomic absorption or atomic emission would only be practical if the crystals are fully ionised, if non-crystal-related background ions are taken into account and if interferences are minimised.

### X-Ray diffraction methods

For X-ray fluorescence (XRF) analysis, the sample material is irradiated with X-rays, which excite secondary X-ray fluorescence. The secondary X-rays have wavelengths characteristic of the elements of the sample and intensities proportional to their concentrations. The separation of individual wavelengths of the fluorescent X-ray emission is done by Bragg diffraction from crystals of specific lattice spacings. The advantages of XRF in comparison with wet chemical methods are the accurate analysis of samples that contain minerals, which are difficult to dissolve, or which are unstable in solution.

X-Ray diffraction (XRD) is a non-destructive method, which is widely applied for the characterisation of crystalline materials. A beam of X-rays is directed at the finely powdered sample and are scattered in directions that depend on the crystal structure. The resulting X-ray diffraction pattern is unique for that crystalline material. XRD is a commonly used method for characterisation of all kinds of minerals, including calcium phosphates.^[@cit166]^ For instance, to identify calcium phosphate crystals that are either too small, or too few in number to be identified by conventional light microscopy techniques, Swan *et al.* examined material extracted from the synovial fluid samples using electron microscopy and X-ray powder diffraction.^[@cit35]^ The BCP clusters and CPPD crystals were found in 11 out of 12 OA analysed samples and their origin confirmed by both energy dispersive X-ray (EDX) analysis and XRD. In one rheumatoid arthritis patient sample, BCP crystals were also identified.

### Capillary electrophoresis

Capillary electrophoresis is a relatively new analytical technique that has begun to have an impact in the clinical laboratory. Its potential for automated, rapid, high-efficiency separations makes it appealing as a replacement for some of the more labour-intensive assays carried out in gels and as a complement to companion techniques such as HPLC.^[@cit167]^

Capillary electrophoresis has been used for the analysis of glycoproteins and glycosaminoglycans in synovial fluid.^[@cit168]--[@cit170]^ The technique has also been employed for pattern recognition between samples and observations of changes in the pattern of protein expression for rheumatoid disorders and osteoarthritis.^[@cit171]--[@cit173]^ Duffy *et al.* investigated characteristic changes in composition between normal human synovial fluid and fluid from clinically well-defined cases of OA and rheumatoid arthritis.^[@cit174]^ Changes in a few distinctive characteristic peaks such as hyaluronan and uric acid for normal, osteoarthritic and rheumatoid synovial fluids were identified ([Fig. 14](#fig14){ref-type="fig"}).

![Capillary electropherograms of human synovial fluid: (a) normal sample; (b) osteoarthritis; (c) rheumatoid arthritis. A and B: unidentified substances; C: presumably hyaluronan, D: uric acid. Reproduced with permission from ref. [@cit174]. (Copyright 1994, Royal Society of Chemistry.)](b716791a-f14){#fig14}

Relative peak areas for these and other components varied in a systematic manner with disease state. Such pattern evaluation claimed to be suitable for statistical evaluation of the disease type based just on simple examination of the electropherogram.

### Radioassay

Halverson and McCarty applied a semi-quantitative technique to detect calcium-containing crystals, predominantly HA, in human synovial fluid samples employing (^14^C) ethane-1-hydroxy-1,1-diphosphonate (EHDP) binding.^[@cit175]^ Binding material was found in 29% of non-inflammatory and in none of the inflammatory joint fluids. Synthetic CPPD crystals showed little affinity to (^14^C) EHDP even at much higher concentrations than HA. Nevertheless in OA patient samples, nuclide binding material also correlated with the presence of CPPD crystals (that were identified by phase-polarised light microscopy). This finding could support the fact that both types of crystals (BCP and CPPD) may co-exist in severe degenerative processes.

### Ferrography

Ferrography was originally designed to monitor wear and tear in machines such as car engines, where the engine oil lubricating the engine is examined by this technique for ferrous particles, which if present would indicate wear in the engine. These iron particles are obviously susceptible to an external magnetic field. It was proposed that ferrography could be used in an analogous way to investigate wear and tear in joints, where the synovial fluid lubricating the joint (natural or artificial) is examined by this technique for particles, which if present would indicate breakdown of the cartilage and/or the joint itself.^[@cit176],[@cit177]^ Ferrography has great potential for the study of OA where mechanical wear of the joint surface occurs.^[@cit178]^

Evans *et al.* ^[@cit179]^ adapted this method for the study of cartilaginous and osseous wear particles, as well as fragments of soft tissue found in the synovial fluid of human joints. As most biological materials are not magnetic, samples were magnetised with a solution containing the trivalent paramagnetic cation of the rare earth element erbium. Because erbium interacts strongly with most substances in synovial fluid producing troublesome precipitates, additional purification steps using saline and hyaluronidase were employed for successful analysis.^[@cit180]^ It was demonstrated that using this technique, improved diagnosis of arthritis might be possible based on the examination of separated particles. To identify the particles, ferrograms may be inspected by light microscopy methods, SEM and X-ray analysis.

In 1997, Podsiadlo *et al.* employed SEM to study particles extracted from synovial fluid samples by ferrography and to examine how they might be related to the severity of OA.^[@cit181]^ Significant differences were found between the numerical descriptors calculated for wear particles from healthy and osteoarthritic knee joints (the boundary fractal dimension, shape factor, convexity and elongation), suggesting that the particle shape can be used as an indicator of the joint condition, *i.e.* in the diagnosis and prognosis of joint diseases. In particular, the fractal dimension of the particle boundary was shown to correlate directly with the degree of OA.

Extraction methods for BCP
==========================

It is often a requirement for certain analytical methods to work with purified samples. This is because the very complex and viscous synovial fluid matrix can easily 'hide' the pathogenic crystals, which complicates microscopic examination and/or the use of other sensitive instrumental methods. Purification is especially important in scanning electron microscopy (SEM) and atomic force microscopy (AFM). Another reason for performing an extraction prior to analysis of the crystals is that as well as BCP, CPPD, MSU and CO crystals, synovial fluid can contain other crystalline-like structures such us cholesterol, lipid particles and other artefacts. Even talc particles or prior corticosteroid injections can result in a false positive sighting for crystals.^[@cit182]^ Protein coating of crystals is also an issue as it may alter the observed crystal habitat. This can result in unusual surfaces on the crystals, causing changes to the absorption of X-ray spectra, and thus altering the elemental ratio.^[@cit183]^ Hence, removal of the biological material before examination of the crystals is often necessary.

BCP crystals can be isolated from synovial fluid using a chemical and/or enzymatic approach. The use of hydrazine is a commonly used method for deproteination of the crystals and it induces only minor chemical changes and no structural changes of the mineral phase HA.^[@cit184]^ Cunningham *et al.* examined a series of synovial fluid samples spiked with various HA concentrations (by the addition of increasing masses of synthetic HA crystals with a particle size of less than 37 µm) and treated them with 100% hydrazine.^[@cit109]^ After mixing for 15 min and incubation for 12 h the paired samples were centrifuged, dried and analysed by X-ray diffraction. The use of an equal volume of synovial fluid and hydrazine was optimal for the detection of HA, as the characteristic hydroxyapatite bands were only visible in the hydrazine-treated samples.

Halverson and McCarty mixed the synovial fluid samples with hyaluronidase prior to identification of HA crystals in synovial fluid.^[@cit175]^ McCarty also reported a multi-step purification procedure for extraction of CPPD crystals from synovial fluid.^[@cit185]^ Crystals were pelleted by centrifugation after hyaluronidase treatment of the fluid, the cells in the pellet ruptured by freeze--thawing, the lipid removed with ether and the protein by trypsin digestion. The relatively concentrated solid material revealed characteristic IR absorption bands for CPPD.

To extract and concentrate calcium-containing crystals, Swan *et al.* used a protocol where the synovial fluid and articular cartilage samples were treated with papain and sodium hypochlorite.^[@cit186]^ They demonstrated the ability to re-extract spiked synthetic CPPD and HA crystals from the samples in an unchanged form and they found concentrations of the crystals in synovial fluid to be higher than previously published figures.

Moradi-Bidhendi and Turner reported that treatment of synovial fluid samples with a 2.6% solution of sodium hypochlorite followed by washing steps with HA-saturated distilled water and 99% ethanol was sufficient to give good recovery of the HA crystals.^[@cit108]^ This was confirmed by scanning electron microscopy.

Ultra-sonication has been reported to improve crystal purification process from synovial fluid.^[@cit187]^

Most of the above-mentioned techniques can provide good recovery of synthetic HA or CPPD crystals that have been added/spiked into synovial fluid. This provides evidence that these methods may be applicable for BCP crystal extraction from real osteoarthritic samples. However, pathogenic BCP crystals differ from synthetic crystals, especially with respect to particle size and the distribution of surface charges, so the purification of such crystals may be a more complicated task in real patient samples.

Conclusions
===========

Osteoarthritis is a prevalent disease that has a significant negative impact on both the patient and on society as a whole. While there are many reports in the literature about this condition, especially from a clinical point of view, there is still much work to do in order to fully understand the causes and development of the disease.

Basic calcium phosphate (BCP) crystals are unique to osteoarthritis and represent a possible therapeutic target. However, their small size and the complex synovial fluid matrix renders them difficult to detect. It is clear that traditional microscopic methods are too subjective to be relied upon as a tool for detecting BCP crystals. More advanced microscopic techniques such as scanning electron microscopy and atomic force microscopy, which are not readily available and are expensive, have the advantage of resolution but the crystals must first be isolated from the synovial fluid for accurate work. MRI, X-ray and ultrasound offer advanced imaging capabilities of joint damage from crystal deposition but do not have the sensitivity to differentiate between crystal types. Fluorescent imaging dyes are available only for use in animal models at the moment but may be used for human osteoarthritic joints in the future. Spectroscopic methods, especially Raman, offer the means to distinguish between crystals and other artefacts and these instruments are now more readily available in analytical laboratories. Differences in infrared spectra from patient synovial fluids has proved useful for categorising samples into disease states. Other techniques such as ferrography, radioassay and capillary electrophoresis have also been reported but have not been widely implemented. Elemental analysis is useful for the quantitative analysis of the components of calcium phosphate crystals but the crystals need to be dissociated prior to this type of assay.

In summary, selective approaches will be required in order to be able to work with BCP crystals effectively. We believe that modified bisphosphonates have the potential to be exploited for the detection and even for quantitation in this context. As analytical scientists, we need to strive to develop these methods and make them available in the clinical setting since without the means to detect and quantify BCP crystals, we will never know if we can control and perhaps even prevent osteoarthritis in the future.
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